ABSTRACT: Phytoplankton dynamics were investigated at the mesoscale in the northern part of the Strait of Sicily in July-August 1997 on fractionated samples (< 3 and > 3 μm) using HPLC pigment analysis and flow cytometry. Distribution, diversity and photoacclimation varied within the different water masses and features present at the time of sampling, including a surface filament of deep, cold water. Picophytoplankton (< 3 μm) accounted for 80% of total chlorophyll on average, and was numerically dominated by cyanobacteria of the genus Prochlorococcus, with an average concentration of 5.2 × 10 4 cells ml -1
INTRODUCTION
The diversity of phytoplankton communities and the dominance of particular populations are the result of numerous factors, including nutrients, light, hydrology and biological factors such as competition (Pemberton et al. 2004) . In order to better define the interactions between different parameters and to assess their relative importance, it is necessary to consider the 'traits' of species in communities (Norberg 2004) , which are relevant biological parameters that determine responses to the environment. Among these, size represents a key parameter to be considered: it is a strong determinant of ecosystem functioning by influencing, among other things, growth rates, nutrient uptake, buoyancy and response to mixing (Fogg 1991 , Prézelin et al. 1991 . Indeed, the community structure -as related to size as well as taxonomy -influences both the photophysiology (the focus of this study) and the fraction of new to total production, and is therefore strongly related to ecosystem functioning.
In this study, phytoplankton diversity was investigated using pigment analysis on 2 size fractions: the picophytoplankton (< 3 μm, Moon-van der Staay et al. 2001 ) and the nano-and microphytoplankton (> 3 μm).
Data from HPLC-pigment analysis were coupled to flow cytometry counts to obtain pigment content per cell, used as an indicator of light adaptation. Using this approach, we were able to separate and to assess the contribution of the picophytoplankton to total community composition, diversity and physiological state, mainly by examining the pigment content and variability per cell. So far, this approach has been used to better characterize the phytoplankton community in terms of chlorophyll or divinyl-chlorophyll (Brunet & Lizon 2003 , Veldhuis & Kraay 2004 , but very few studies have coupled pigment analysis and flow cytometry to describe picoeukaryotes in fractionated samples . Apart from providing insights into their taxonomic diversity as well as their photoacclimation properties, this approach can quantitatively complement information from molecular tools, which have recently revealed the high specific diversity of picoeukaryotes in several marine ecosystems (Moonvan der Staay et al. 2000 , Díez et al. 2001 , 2004 .
The study area chosen provided an ideal area to study the interaction of plankton biology with hydrodynamics, because it is a location of active mesoscale dynamics, with recurrent physical structures such as fronts, filaments and meanders (Lermusiaux & Robinson 2001) , which contribute to active biological production. In fact, the Strait of Sicily is known as a biologically rich area and a key site for the Mediterranean Sea in terms of fisheries (Garcia Lafuente et al. 2002 , Cuttitta et al. 2003 .
In July 1997, a cruise was conducted within the framework of the Synoptic Mesoscale Plankton Experiment (SYMPLEX) project (Bohm et al. 1998) , which aimed to investigate phytoplankton dynamics in relation to mesoscale physical features. Multiple stations were sampled across the main features identified at the time of sampling, namely Atlantic Water, Ionian Water, a surface filament and a haline front.
The main aim of this study was to investigate phytoplankton composition and physiological traits in relation to water mass characteristics. In particular, we focused on the picoeukaryote component in terms of diversity and photoacclimation, in order to relate these traits to general dynamics at the mesoscale. Photoacclimation is a key process which optimizes light utilization to allow algal cells to maintain active photosynthesis and growth. The study of photoaclimation provides valuable information at the physiological scale, because photoprotective pigments can affect the quantum yield of photosynthetic carbon fixation (Babin et al. 1996) . In addition, at the ecological level, markers of photoacclimation can be used as tracers of vertical movements in the upper layer of the water column .
The data obtained provide information on ecosystem functioning and are representative of the Strait of Sicily in summer. Indeed, the community structure in terms of size and taxonomic composition is a strong determinant of photophysiology, which, in turn, is a response to changes in the physical environment. Therefore, these data provide useful insights for the description of ecosystem functioning of the oligotrophic Mediterranean Sea.
MATERIALS AND METHODS
Sampling. Fifty stations were sampled from 19 July to 1 August 1997 on board RV 'Urania' (Fig. 1) . Continuous profiles of temperature, salinity and density were acquired with a CTD probe (SBE 19, Seabird Electronics) . Vertical light profiles (photosynthetically active radiation: PAR) were obtained from a spectroradiometer (SPMR, Satlantic) at 12:00 h (local time) on days when the sky was clear.
Discrete water samples were taken at 6 or 8 depths between 5 and 120 m, with a rosette sampler equipped with twenty-four 10 l Niskin bottles, for analysis of nutrients, phytoplankton pigments and cell abundance by flow cytometry. Fig. 1 shows the station locations and the position of a surface filament of cold water, originating from coastal upwelling and wind advection, which is a recurrent feature of this area (Lermusiaux & Robinson 2001) . Water mass classification followed MalanotteRizzoli et al. (1999) .
Nutrients. Nitrate, nitrite, silicate and phosphate concentrations were determined on board with fresh samples using the colorimetric procedure of Grasshof (1983) .
Flow cytometry. Live samples were analyzed on board using a FACScalibur flow cytometer (Becton Dickinson), equipped with a standard laser and filter set and using 0.22 μm filtered seawater as the sheath fluid. Fluorescent beads with a diameter of 0.97 μm (Polysciences) were added to each sample as an internal standard, and all parameters were normalized to the beads and expressed as relative units. Data were analyzed using CellQuest software (Becton-Dickinson). Further details are provided in Casotti et al. (2000) . Three populations of picophytoplankton were identified and enumerated based upon their scattering and autofluorescence: Prochlorococcus spp. (hereafter Prochlorococcus), Synechococcus spp. (hereafter Synechococcus) and picoeukaryotes (Olson et al. 1993) .
In the case of extremely dim Prochlorococcus populations at the surface, the population was assumed to have a normal distribution and the hidden portion was extrapolated, as indicated by Casotti et al. (2003) .
Pigments. For each sample, 3 l of seawater were filtered onto Nuclepore filters of 3 μm pore size and the filtrate onto Whatman GF/F filters. Filters were frozen and stored at -40°C in the dark for a maximum of 2 wk before analysis. Frozen filters were mechanically ground in 100% methanol and the extract injected into a Beckman System Gold HPLC following the procedure of Vidussi et al. (1996) . A 3 μm C 8 BDS column (100 × 4.6 mm) was used and the mobile phase was composed of 2 solvent mixtures: (1) methanol/aqueous ammonium acetate, ratio 70/30, and (2) methanol. Absorbance was detected at 440 nm using a model 168 Beckman photodiode array detector. Fluorescence was measured using a Sfm 25 Kontron spectrofluorometer with excitation at 407 nm and emission at 660 nm. Monospecific algal cultures and purified pigments from the Water Quality Institute, International Agency for 14 C Determination, were used as standards. The contribution of each phytoplankton group to total phytoplankton biomass (chl a) was obtained using group-specific conversion factors determined empirically, based upon different pigments used as taxonomic markers for the 2 size fractions (Casotti et al. 2000) .
From pigment descriptors, the Shannon-Wiener diversity index (H', Weithoff et al. 2001 ) was calculated as:
where S is the number of classes and p i is the relative abundance of class i (∑p i = 1).
From H', Pielou's evenness index J' was calculated as:
where H max is the highest diversity estimated in all samples and is calculated as:
where i is the number of descriptors used (Frontier 1985) .
The value of J ' falls entirely within the range from 0 to 1, thus providing a scalefree measure of evenness. Both indices were calculated for the pigment descriptors separated by size class (6 descriptors for the > 3 μm size fraction and 7 for the < 3 μm size fraction) as well as for all descriptors pooled together (13 descriptors).
The Fp ratio, which relates the biomass of phytoplankton responsible for new production to total phytoplankton biomass (Claustre 1994) , was estimated as the ratio between fucoxanthin and peridinin and the sum of all chemotaxonomic biomarker pigments (fucoxanthin, 19'hexanoyloxyfucoxanthin, 19'butanoyloxyfucoxanthin, peridinin, alloxanthin, zeaxanthin and chl b) .
Apart from taxonomic pigments generally involved in the photosynthetic process, we also identified and quantified 2 pigments involved in photoprotection: diatoxanthin (Dt) and diadinoxanthin (Dd). These are components of an epoxidation-de-epoxidation cycle present in brown algae, which is regulated by light . The ratio of single pigments to chl a indicates what proportion of the pigment pool is devoted to protect cells from excess light, whereas the ratio of each pigment to the 2 pooled together (e.g. Dt/[Dt + Dd]) is independent of chl a concentrations, and is therefore an indicator of the activation of the photoprotection process.
Dt and Dd, together with zeaxanthin and β-carotene (which may also act as a photoprotectant) are defined here as non-photosynthetic carotenoids (NPC), and their ratio to carotenoids involved in photosynthesis (photosynthetic carotenoids: PC) were previously used as an indicator of photoprotection at the community level (Lindley et al. 1995) . In order to investigate picoeukaryote photoacclimation, intracellular chl a concentrations of these algae were estimated by dividing the fraction of the < 3 μm chl a attributable to picoeukaryotes by their cell numbers obtained by flow cytometry. In order to do so, we followed a 2-step procedure. Firstly, and considering zeaxanthin as a marker pigment of prokaryotes, we used a mean value of 0.77 for the ratio zeaxanthin/ divinyl-chlorophyll a, as reported by Partensky et al. (1993) in a culture study of photoacclimation of a Mediterranean strain of Prochlorococcus. In addition, we calculated the zeaxanthin contribution of Synechococcus by using a value of 1.8 fg zeaxanthin per Synechococcus cell, following the study of Kana et al. (1988) , who investigated photophysiology of Synechococcus under a wide range of light intensities. This allowed us to account for the zeaxanthin attributable to the 2 cyanobacteria. Secondly, we used a conversion factor of 0.5 for the zeaxanthin/chl a ratio, which allowed separation of Synechococcus from the picoeukaryote contribution to chl a. This approach is based upon a number of assumptions and represents an approximation. It is limited by the fact that it uses fixed values for the pigment ratios, which may vary with light conditions. However, the zeaxanthin/chl a ratio is not reported to vary considerably with changing light conditions (Kana et al. 1988 , Moore et al. 1995 . Therefore, although one must be cautious when attempting to extrapolate the properties of complex natural communities from single strains of organisms, we considered this to be the best approximation possible. In fact, values were drawn from studies encompassing a wide range of light conditions and from a strain of Prochlorococcus that originated from the oligotrophic Mediterranean Sea, which can be considered representative of populations present in the studied area.
Because the HPLC method used did not allow the separation of chl b from divinyl-chlorophyl b (dvchl b), the chl b content attributable to picoeukaryotes was assessed after eliminating the contribution of dvchl b from Prochlorococcus. We used values of 0.20 and 0.10 fg dvchl b per Prochlorococcus cell for low light (deep layer) and high light (surface layer) samples, respectively (values obtained from Partensky et al. 1993) .
RESULTS

Hydrology, nutrients and phytoplankton biomass
Two different water masses, based on salinity differences in surface waters (0 to 50 m), were present at the time of sampling. Atlantic Water (AW), with lower salinity, was situated west of 15.4°E, and Ionian Water (IW), with higher salinity, was east of 15.4°E (Fig. 2a , Table 1 ). A haline front, located between Stns 50 and 10, separated these 2 water masses (Fig. 2c ). Within the IW at the surface, the salinity and temperature isopleths curved, indicating the presence of a circular hydrological structure (Fig. 2a,b) . A shallow (5 m) filament of colder, denser water was observed (Fig. 3a,b (295) 1067 (583) 580 (428) 725 (160) 379 (215) ; Surf: surface layer (0-50 m); DCM: deep chlorophyll maximum; S: salinity (psu); Pico %:
]; J ': evenness index; Fp: ratio between fucoxanthin and peridinin and the sum of all chemotaxonomic biomarker pigments; NPC: non-photosynthetic carotenoids; PC: photosynthetic carotenoids; Pros, Syn and Picoeuk: cell concentrations (ml -1 ) of Prochlorococcus, Synechococcus and picoeukaryotes, respectively. SD in brackets corresponding to the front and separating the 2 water masses (between Stns 50 and 11), and extending up to 35.8°N (Fig. 3c ). The filament location was clearly marked by a drop in temperature (< 24°C), and it originated from the wind-induced upwelling of deep waters along the southern coast of Sicily and is a recurrent feature of this area (Bohm et al. 1998 , Béranger et al. 2004 and references therein).
Below the thermocline, a gradual increase in salinity and decrease in temperature were observed, with values typical of the IW. This was more noticeable at the eastern stations, and gradually merged into the Levantine Intermediate Water (LIW) from 120 m downwards (Fig. 3a,b) . At the most southerly stations, profiles of salinity (not shown) and temperature ( Fig. 3c) demonstrated the water column to be well stratified between Stns 14 and 19.
Concentrations of nitrate, phosphate and silicate ranged from 0.002 to 7.50 μM, 0.052 to 1.86 μM and 0.69 to 12.07 μM, respectively, and increased with depth. Higher concentrations of nutrients were found in higher salinity and colder (deep) waters, as confirmed by the significant correlation with temperature, density and salinity (p < 0.001 for all correlations). With respect to surrounding stations, significantly higher nitrate ( Fig. 2d) and silicate (not shown) concentrations were measured in the filament and in the front at the surface (Table 1) .
Chlorophyll concentrations ranged between 0.010 and 0.60 μg chl a l -1 , with a deep chlorophyll maximum (DCM) always present between 50 and 80 m depth (Fig. 4) . The < 3 μm (picophytoplankton) size fraction dominated numbers and biomass at all stations, accounting for an average of 80% (±10% SD) of total chl a. Total chl a concentrations were directly correlated with all nutrients (p < 0.01) and to hydrological parameters (temperature, salinity and density, p < 0.01). The larger size fraction (> 3 μm) showed a stronger direct correlation with nutrients and salinity (p < 0.001) than smaller phytoplankton (p < 0.01), corresponding to its relatively higher contribution to the DCM in comparison to the surface. 
Phytoplankton pigments
The relative contribution (%) of different taxonomic groups to total chl a biomass was estimated from phytoplankton marker pigments analyzed by HPLC and attributed to different taxonomic groups using conversion factors (Casotti et al. 2000 . Results are presented in Fig. 5 . At the surface, zeaxanthin was the dominant biomarker pigment, accounting on average for 75% (± 7% SD) of total biomass and indicating that cyanobacteria were dominant. Percent contribution of zeaxanthin was higher in the AW (75.5 ± 17.0% SD) than in the IW (50.8 ± 18.0% SD). The 19'butanoyloxyfucoxanthin (19'BF, marker of pelagophytes) and 19'hexanoyloxyfucoxanthin (19'HF, marker of prymnesiophytes) represented the 2 major eukaryotepigments in both size fractions, increasingly dominating the lower size class (< 3 μm) in an eastward direction (Fig. 5 , surface layer). Peridinin (dinophytes) and alloxanthin (cryptophytes) contributed very little to total biomass in either size fractions.
The dvchl a, marker of Prochlorococcus, was inversely correlated with temperature (p < 0.001) as a consequence of its higher abundance in colder and/or deeper waters. All pigment/chl a ratios in the < 3 μm size fraction were directly correlated with salinity (p < 0.05), with the exceptions of prasinoxanthin (marker of some prasinophytes; Zingone et al. 2002) and zeaxanthin (marker of prokaryotes and also of photoprotection in green algae), which were inversely correlated with salinity (p < 0.001). This indicated their association with the surface layer. In the > 3 μm size fraction, only the 19'HF/chl a ratio was significantly (and negatively) correlated with salinity (p < 0.01).
At all stations, the contribution of zeaxanthin to total chl a in the DCM was lower than at the surface, whereas the contribution of 19'BF in the < 3 μm size fraction increased (Fig. 5) . Virtually all eukaryotic marker pigments were observed, with 19'BF (pelagophytes) being dominant (Fig. 5) . Only peridinin (dinophytes) was absent, and alloxanthin (cryptophytes) was present in traces (0.5%). The > 3 μm size class was poorly represented in the DCM and was dominated by 19'BF (pelagophytes) and 19'HF (prymnesiophytes).
In the smaller size fraction (picophytoplankton), all known chemotaxonomic pigments were present and contributed strongly to the picophytoplankton pigment pool (Table 2) , including diatoms and dinophytes, which are usually considered to contribute almost exclusively to the nano-and microplankton (e.g. Vidussi et al. 2001) .
The ratio of each pigment in the < 3 μm size class and the sum of its concentration in the 2 size classes was used as an index of size-dependent community composition ( Fig. 1 ) most to the < 3 μm size class, with different relative contributions between the surface and the DCM. Two exceptions were observed: fucoxanthin (diatoms) and alloxanthin (Cryptophytes) in surface waters contributed more to the > 3 μm fraction (Table 2) .
In order to better represent the diversity within the phytoplankton community, we used Pielous' evenness index (J ') calculated from pigment data (see 'Materials and methods'), whose value is directly proportional to diversity in terms of number of taxonomic groups. J ' was higher in the DCM than in the surface layer (p < 0.001, Table 1), reflecting the higher pigment diversity in this water layer with respect to the surface, where prokaryotes largely dominated. Significant differences (Table 1) . No significant differences were observed between the different DCMs. J ' was significantly correlated to temperature and chl a (p < 0.001, Fig. 6 ), except for temperature at 5 m depth in the IW (m, Fig. 6a ). J ' was also significantly higher for the larger size fraction (0.58 ± 0.11 SD) when compared to the < 3 μm fraction (0.48 ± 0.21 SD), and values had a smaller range (0.30 to 0.77 vs. 0.13 to 0.77).
Fp values, representing the proportion of phytoplankton responsible for new production, ranged between 0.03 and 0.40 (0.22 ± 0.11 SD, Table 1 ), reflecting the dominance of algal groups utilizing regenerated forms of nitrogen to fuel their primary production. Average total values were similar for the 2 size classes (0.21 and 0.25 for < 3 and > 3 μm, respectively), owing to only a minor contribution from diatoms and dinophytes. Fp was significantly (p < 0.001) correlated to hydrological parameters, nutrient and chl a concentrations, in agreement with its higher values in colder and richer waters. Although values of Fp in the different DCMs were very similar, significantly higher values (p < 0.01) were observed in the frontfilament (FF) area at the surface, mainly owing to the greater presence of diatoms in this water mass (fucoxanthin was 3 times more concentrated in this area than in the AW, and 10 times more than in the IW) and to higher nutrient concentrations.
Photoprotection markers
Estimation of the degree of photoprotection of the phytoplankton community at the time of sampling reflects the light history of the algae, and provides an indication of their movement through the water column. Dt and Dd contributed more to total biomass in terms of chl a at the surface than at depth, due to their role as photoprotectant pigments (Fig. 7a-c) . When considering the ratio Dt/(Dt + Dd) (which is independent of the total biomass present), it was noted that, despite a general decreasing trend with depth ( Fig. 7d -f ), values stayed constant in the first 50 m of the AW (Fig. 7d) , indicating elevated mixing rates in this water mass. This was further reinforced by the homogeneous distribution of chl a (Fig. 4a) .
Values also increased below 50 m at all stations, probably as a consequence of physiological stress (e.g. Brunet et al. 1992) or prolonged darkness (Jakob et al. 2001 ).
When considering photoprotection at the community level, the high degree of photoprotection at the surface was confirmed by the high values of ratios NPC/PC (Table 1) and NPC/chl a (data not shown). Both ratios were directly correlated with temperature (p < 0.001), and NPC/PC was also significantly correlated with salinity, total biomass and Fp (Table 3) . Correlations between photoprotective indicators and physical or biological parameters provided numerical equations (Table 3) , which could be useful for bio-optical characterization of the area. ). m: data from 5 m depth in IW, which were not considered for the correlation (see text). Lines represent non-linear fit described by inset equations
Picophytoplankton: diversity and pigment content
As detected by flow cytometry, picophytoplankton was numerically dominated by Prochlorococcus, with average concentrations of 5.2 × 10 4 cells ml -1 (± 5.1 × 10 4 cells ml -1 SD). Synechococcus accounted for 5.8 × 10 3 cells ml -1 (± 5.8 × 10 3 cells ml -1 SD), whereas picoeukaryotes accounted for 0.6 × 10 3 cells ml -1 (± 0.4 × 10 3 cells ml -1 SD). Prochlorococcus was more concentrated in the DCM of the AW, whereas Synechococcus was more concentrated at the surface and in the IW slightly above the DCM (Fig. 8) . In general, picoeukaryotes were more abundant at the surface than in the DCM, whereas Prochlorococcus was very abundant at the surface in the AW and in the FF (Table 1) . Prochlorococcus had higher red autofluorescence and dvchl a cell -1 in the FF (Fig. 9e) in comparison with surrounding stations sampled at the same time of day. This supports the notion of the generation of the filament from deep (and darker) waters as a result of coastal upwelling and wind advection.
All picophytoplankton showed an increase in cellular red fluorescence with depth ( Fig. 9a-c) , which is related to strong photoacclimation (particularly evident in Prochlorococcus and picoeukaryotes). Photoacclimation was also apparent from the increase in estimated chl a (fg cell -1 ) with depth at all stations ( Fig. 9d -f) .
Prochlorococcus had an average dvchl a content of 0.44 fg cell -1 (± 0.62 SD) above 50 m depth, and 1.56 fg cell -1 (± 0.54 SD) below 50 m, the 2 values being significantly different (p < 0.01). This was probably due to phoadaptation rather than to photoacclimation, as evidenced by the presence of 2 ecotypes of Prochlorococcus in the water column -one replacing the other Table 3 . Equations representing non-linear correlations between hydrological, biological and physiological parameters. For each correlation, n = 60. T: temperature; Fp: ratio between fucoxanthin and peridinin and the sum of all chemotaxonomic biomarker pigments; NPC: non-photosynthetic carotenoids; PC: photosynthetic carotenoids; S: salinity between 50 and 80 m depth, as revealed by bimodal distributions of red fluorescence (not shown). Interestingly, Prochlorococcus in the filament followed the same relationship as the deep Prochlorococcus, and was much more fluorescent than at nearby stations sampled at the same time of day, therefore confirming the origin of the filament from upwelling of deep waters (Fig. 9e) . Mean chl a (fg cell -1 ) of picoeukaryotes was highly variable among the different water masses (Fig. 9d -f) , with significantly higher (p < 0.005) values in the DCM layers than at the surface, as a result of photoacclimation to decreased light irradiances. Differences were also found among the DCMs, with significantly higher values in the IW and in the FF water mass in comparison to the AW (p < 0.005); in contrast, no differences were found among the different surface water masses (p > 0.05).
Two different equations were also able to describe the relationship between chl b concentration and picoeukaryote cell numbers. The chl b content in picoeukayotes was estimated to be 21.9 and 47.4 fg cell -1 above and below 70 m, respectively. This reflected the marked photoacclimative processes, with twice as much chl a per cell in the deeper layer with respect to the surface. It should be noted that values were obtained after extracting contributions of dvchl b, which were based upon known values reported by Partensky et al. (1993; described in 'Materials and methods') . However, we cannot exclude an additional contribution to chl b by Prochlorococcus (Karl et al. 2001) , even though chl b was not detected in the Mediterranean Sea strain of Prochlorococcus analyzed by Partensky et al. (1993) .
The equations relating chl a (or dvchl a) red fluorescence and cellular chl a (or dvchl a) content of Prochlorococcus and picoeukaryotes in the different systems are reported in Table 4 . The high significance of these relationships supports the validity of the approach used to calculate the pigment content of picoeukaryote cells, even though it was based on an assumption of the contribution of Synechococcus to zeaxanthin (see 'Materials and methods'). When all data were pooled together, the decrease in significance of the correlations reflected the heterogeneity of picophytoplankton responses to ecosystem properties, and was probably also driven by taxonomic segregation. This prevented the use of a single equation to relate the 2 cellular properties, and highlights the importance of mesoscale dynamics when considering physiological properties of phytoplankton. 
DISCUSSION
Water mass distribution and properties
The AW and IW were identified by their core salinity values, which lay within the ranges identified by other authors for these water bodies in the same area (Lermusiaux & Robinson 2001 , Béranger et al. 2004 .
The distribution of isohalines curved in the IW (Fig. 2) , indicating a circulating structure, marked also by relatively higher surface nutrient and chl a concentrations (Table 1) . Mean values of photoprotective parameters within this structure (such as that of the NPC/PC ratio) indicated shade adaptation by surface phytoplankton, and all these properties converged to suggest a relatively deeper origin of the algal community and, therefore, a cyclonic direction of the rotating structure. We classified this water body as the Ionian Shelf Break Vortex, reported by other authors as a recurrent feature of the Strait of Sicily in summer, which originates from the eastward flow of the AW combined with bottom irregularities and related upwelling along the southern coast of Sicily (Lermusiaux & Robinson 2001 , Béranger et al. 2004 .
The hydrological boundaries of the vortex were not very strong at the time of sampling, indicating that the structure was only at the beginning of its generation, in accordance with reports from other authors who have reported its presence for the month of August (Lermusiaux & Robinson 2001 , Béranger et al. 2004 ). However, biological parameters clearly indicated different properties of the phytoplankton community within the vortex, suggesting its separation from other water masses. For example, phytoplankton community composition varied with respect to that of other waters, with a higher contribution of picoeukaryotes, in particular pelagophytes and prymnesiophytes, which were also observed to thrive in similar cyclonic eddies elsewhere (Olaizola et al. 1993 , Vaillancourt et al. 2003 . Vaillancourt et al. (2003) for a cyclonic eddy in the subtropical Pacific Ocean, and was probably due to relatively higher nitrate concentrations, which confer a competitive advantage to Synechococcus and picoeukaryotes (Moore et al. 2002) . The lack of differentation in phytoplankton diversity between the surface and DCM in the IW (Table 1 ) might have provided early evidence of the vortex, which may have helped to maintain high diversity by providing perturbation. This perturbation was probably responsible for the lack of a significant relationship between J ' and temperature at 5 m (Fig. 6a) , because it increased the variability and dispersion of the diversity at scales smaller than the mesoscale.
Lowest values of Fp and J ' were observed within the AW, coincident with low nutrient concentrations. This supports the hypothesis of Huisman & Weissing (1999, and references therein) , who stated that the limitation of 1 ecological resource (in our case, nutrients) induces a decrease in the diversity of the phytoplankton community. Higher oligotrophic conditions in the AW were reflected by a lower value of J ' (0.20) in the smaller size fraction, owing to greater dominance by cyanobacteria, whereas no significant variation in J ' was observed for larger phytoplankton. Similarly, the contribution to chl a by picophytoplankton in AW was lowest among the different water masses. This was surprising, as it was expected that nutrient limitation would have a stronger impact on larger eukaryotic phytoplankton, due to their higher nutrient uptake (Fogg 1991) . This small contribution may have resulted from physiological impairment of picophytoplankton, or to the use of regenerated nutrients by larger algae as indicated by the lower value of Fp. However, larger algae might have profited more than picoeukaryotes from the water mixing at the surface (which injects new nutrients from deeper layers) or from increasing turbulence, as reflected by the relative homogeneity of salinity, chl a and Dt/(Dt + Dd) ratio profiles.
The DCM appeared to be a favourable environment for phytoplankton, as it contained higher biomass and higher diversity. When taking the low light levels present at depth (1% of surface irradiance at 75 m) into consideration, algae must be well photoacclimated and their growth probably closely coupled with grazing, which is known to maintain high species diversity (Reynolds 1988) . Differences in phytoplankton between the surface and the DCMs were mainly apparent in the smaller size class, which exhibited greater diversity at depth. This could be due to the limiting conditions present at the surface, in terms of nutrient concentration or excess light. However, low light intensity did not appear to limit diversification of phytoplankton community composition. For example, Prochlorococcus, which shows a high degree of genetic plasticity (Bibby et al. 2003) , tolerates lower light intensities than Synechococcus, which accounts for the greater dominance of the former within the DCM. In the present study, it therefore appears that nutrient limitation was a major factor determining phytoplankton diversity, whereas light limitation did not affect the number of species present or their relative abundance.
A recurrent pattern of the DCM in the 3 water masses was the increase in the Dt/(Dt + Dd) ratio paralleled by a decrease in the Dd/chl a ratio in both size classes. This could be due to temperature stress (Brunet et al. 1992) or to chloro-respiration owing to the very low light levels available to cells, as demonstrated in culture by Jakob et al. (2001) . These authors proposed that the presence of photoprotectant pigments in deep-living algae might confer an adaptive advantage in the case of rapid transport towards the surface.
Phytoplankton size-related properties and diversity
Within the phytoplankton of the area studied, size appeared to be more important than affiliation to taxonomic groups. For larger phytoplankton, the lack of correlation (p > 0.05) between chemotaxonomic pigment ratios and nutrient concentrations or hydrological parameters indicated a more disperse distribution among the water masses and throughout the water column.
The lack of correlation between one pigment ratio in one size class and the same ratio in the other size class indicates a discrimination of ecological niches for algae belonging to the same taxonomic group, as also suggested by higher values of J ' for the larger phytoplankton. This reflects a greater homogeneity in community composition with respect to smaller phytoplankton, whose diversity is, in turn, more dependent upon environmental factors. These data, together with the lack of correlation between J ' of the larger algae and any hydrological parameter or chl a >3 , demonstrated that the phytoplankton belonging to the 2 size classes were distinct and responded to different environmental cues. The larger phytoplankton appeared to be ubiquitous and, in contrast to the smaller sized phytoplankton, its use as a tracer of water masses was not possible. The lower concentration and fitness to the environment of the larger size class suggests a more 'passive' distribution and probably lower productivity rates than that of the more ecologically niche-dependent smaller algae.
For Prochlorococcus, the dvchl a cellular content was significantly different between the surface and the deeper layer (0.45 and 1.56 fg cell -1 , respectively), which, together with observations of the 2 ecotypes shifting with depth, indicates photoadaptation by Prochlorococcus as a genus. The characteristics of the highly pigmented ecotype (low-light adapted) appeared to be conservative over time: it was present at the surface in the filament, whose source was upwelled waters. Our values of dvchl a per Prochlorococcus cell lie within the range of values observed by Veldhuis & Kraay (1990) in the subtropical North Atlantic (between 0.44 and 5.14 fg cell -1 ) and by Morel et al. (1993; 0. 88 to 1.76 fg cell -1 in culture and 0.15 to 1.80 fg cell -1 in the tropical Atlantic). However, the lowest value of dvchl a (from the surface layer) was lower than that measured by Partensky et al. (1993) for the MED strain in culture (1.21 fg cell -1 ), probably due to differences in light intensities used in their study. Our estimation was drawn from a light environment ranging between 1000 and 60 μmol photons m -2 s -1 , whereas Partensky et al. (1993) Partensky et al. (1993) , and by using average light profiles obtained during this study, the light values and thus depths that corresponded to our cellular dvchl a contents could be estimated. Estimated values were 18 and 50 m depth for the surface and deeper layer, respectively. These figures are representative of the average depth of the surface mixed layer and DCM, respectively, and represent an indirect validation of the use of pigment cell content of phytoplankton as a marker of their light history. It also indirectly supports the method used to infer pigment cell content based on known values, despite the bias introduced by the use of pigment ratios derived from culture studies and the potential influence of genotypic variability.
Estimations of chl a content per picoeukaryote cell were highly variable, dependent upon the water mass and depth examined, and reflected the high taxonomic, ecological and physiological diversity and plasticity highlighted in previous studies (e.g. Moon-van der Staay et al. 2000 , Timmermans et al. 2005 . In this study, picoeukaryote chl a content varied 3-to 8-fold between the upper and deeper layer. This was most probably due to a change in the picoeukaryote community composition, as reflected by a change in pigment diversity, which was higher in the DCM than in the upper layer. The different values observed in the IW and AW were probably due to the different hydrodynamics of the 2 water masses, with the IW characterized by vertical upward movements related to the onset of the vortex. The increased biomass and lower dvchl a contribution to picophytoplankton biomass in the IW indicated a trend towards an increase in cell size of phytoplankton, as reflected by the higher value of picoeukaryote chl a per cell in the DCM of IW with respect to the DCM of AW.
The pigment composition of the picoplankton was relatively unchanged in different water masses; thus, our values may be considered representative of summer conditions in the oligotrophic Mediterranean Sea in general. Changes in diversity were depth related, with light and nutrient availability probably being the most important factors. Picophytoplankton demonstrated greater ability for photoacclimation than nano-and microphytoplankton. This ability was also observed in culture (C. Brunet & C. Dimier unpubl. data) .
Prymnesiophytes (identified by 19'HF and chl c 3 ) showed increased vertical variability in both size classes, in agreement with the previously observed high level of diversity of this group (Moon-van der Staay et al. 2000 , Zapata et al. 2004 . The ratio of the 2 marker pigments (19'HF and chl c 3 ) was higher in the surface layer than at depth for both size classes. The ratio 19'HF/chl a was also different (higher at the surface), but the chl c 3 /chl a ratio reached maximum values deeper in the water column. This suggests photoadaptation by these algae, probably driven by chromatic adaptation to the changing light environment due to internal adjustment of the pigment pool or by species substitution. In actual fact, the chl c 3 absorption maximum is shifted towards the blue part of the spectrum when compared to 19'HF (Bidigare & Marra 1990 , and therefore the ratio of 19'HF/chlc3 can be used as an indicator of adaption to the dim light present at depth, which is dominated by blue light.
A similar interpretation of the greater abundance of green algae in the deeper layer (Bidigare & Marra 1990 ) was proposed by Glover et al. (1986) , based on their photoacclimation strategy in relation to the spectral characteristics of chl b. In the present study, chl b was one of the most abundant picoeukaryotic pigments (along with 19'BF), being more abundant at depth and representing a greater contribution to the picoplankton community (together with zeaxanthin) than to the larger size class. The different slopes of the relationship between picoeukaryote cell number and chl b concentration below and above 70 m suggest a shift in cellular chl b content, and reveals a vertical succession of cellular chl b content per picoeukaryote cell, with deeper cells showing at least double the concentration of chl b. This confirms previous observations on the preference of these algae for deep blue waters (e.g. Bidigare & Marra 1990 , Casotti et al. 2000 , where chl b is particularly suited to utilize the dim light available. However, we cannot assess whether our results were due to physiological adaptation and/or to species substitution. The latter seems possible, since analysis of pigment ratios revealed a niche differentiation for Prasinophytes (1 component of the chl b-containing algae). In fact, the 2 ratios -prasinoxanthin/chl b and prasinoxanthin/sum of all picoeukaryotic biomarker pigments -were significantly higher in the surface layer (< 70 m) than in the deeper layer (> 70 m depth, p < 0.01). This suggests that prasinoxanthin-containing prasinophytes were mainly present above 70 m depth and that vertical succession occurs within this algal group.
The data presented show that environmental factors drive the physiological responses of phytoplankton, which in turn drive changes in diversity. The approach used to obtain cellular pigment content in picoeukaryotes provides a quantitative tool to refine our vision of picophytoplankton diversity and functioning, in terms of both photoacclimation and photoadaptation, in an important area of the Mediterranean.
